Abstract-This study investigated the spatial and temporal distributions of Chlorophyll-a (Chl-a) in Sabah coastal water using satellite data, and identified the associated oceanographic events which caused large scale water enrichment in the surface layer. Results showed that surface Chl-a experienced seasonality in Sabah waters. At the northwest coast, very obvious increase in the Chl-a was observed from January to March, attributed to wind-driven coastal upwelling during the northeast monsoon (NEM). The southeast coast depicted high Chl-a at Labuan offshore water, related to the reversing direction of Baram River plume towards Sabah during NEM. Labuan bay water had higher Chl-a during the southwest monsoon (SWM) due to the effect of discharged materials from the Padas River during the rainy season at Labuan. On the other side, a slight increase in surface Chl-a was illustrated along the entire northeast coast during NEM, with higher concentrations at the southern part compared to the northern region. The high Chl-a at the southern part (southern Sandakan) was owing to alongshore water transport from the northern region driven by NEM winds and effect of discharged materials from the Kinabatangan River during the rainy season at Sandakan. Water characteristic at the southeast coast was highly influenced by surface water transport from the Sulu and Sulawesi seas and prevailed surface currents. Both inshore and offshore waters off Semporna had peak Chl-a in December, related to Sulu Sea water transport towards Semporna and occurrence of cyclonic eddy at the offshore water during early NEM. Tawau water showed very high Chl-a throughout the year due to the effect of coastal discharge. The discharged material near Tawau was transported to a wider area offshore during SWM. That in turn caused another peak Chl-a at Semporna inshore water in August during SWM.
INTRODUCTION
Ocean chlorophyll-a (Chl-a) is a kind of major phytoplankton photosynthetic pigment and a proper indicator of standing crop for main primary producers (phytoplankton) in ocean. Accurately studying the temporal-spatial distributions of ocean Chl-a is helpful to understand the biological resources in ocean and their spatial and temporal variations [1] . Sabah is the second largest Malaysian state situated on the northern tip of Borneo Island. It covers an area of 73 711 km 2 with a long coastline of 1600 km washed by the South China Sea on its west coast, the Sulu Sea on the northeast coast and the Sulawesi Sea on the southeast coast. Sabah coastal water are highly influenced by the Asian monsoon system, which is characterized by two monsoon regimes, namely, the southwest monsoon (SWM) from late May to September, and the northeast monsoon (NEM) from November to March. The transition period in between the monsoons is known as the inter-season period (IS).
There have been many studies of the spatial and seasonal distribution of surface chlorophyll-a in ocean. Most of these studies have been conducted on small areas, gulfs or coastal waters with limited extent and none of them have been carried out for entire Sabah water [2~4] . Moreover, it is difficult to achieve a wide range of shipboard observation for discrete sampling Points. The satellite remote sensing technology provided effective support for achieving the simultaneous measurement in a wide area. Using the remote sensing technology, many researchers have studied chlorophyll-a, primary productivity and so on in the nearby seas [5~7]. In the South China Sea, Shen et al. used monthly climatology of SeaWiFS Chl-a based on nine years of data to illustrate Chl-a seasonal variations and spatial structures in the northern South China Sea [8] . In the Sulu Sea, Wang et al. show the seasonality of Chl-a, wind fields and surface temperature and reveal the phytoplankton blooming events in the Sulu Sea basin during the NEM season [9] . Taking the coastal water around Sabah as the study area, the present paper tries to investigate the spatial and temporal distribution of Chl-a using satellite data, and identify the associated oceanographic events which caused large scale water enrichment in the surface layer. This work gives a view to provide a reference of Sabah water marine ecology and marine productivity studies.
II. MATERIALS AND METHODS
Monthly average MODIS Aqua Chl-a data was provided by NASA (http://oceancolor.gsfc.nasa.gov/) as the 4km-resolution products from July 2002 to December 2011. 2 ). MODIS Aqua Chl-a data was processed and then imported into ArcInfo GIS 9.3 with spatial analyst extension. The Chl-a values were extracted from the entire fishing grids and exported into SPSS 19.0 for the hierarchical clustering analysis (Ward method). Results of statistical analysis were then imported into ArcInfo again to produce classification maps for visualization purpose. The oceanographic events at different locations in Sabah water were discussed using the previously mentioned satellite data and MODIS Aqua Rrs 555 images which were obtained from (http://oceancolor.gsfc.nasa.gov/) and used to as an indicator of coastal discharge and turbid water.
III. RESULTS AND DISCUSSIONS

A. Spatio-temporal distributions of MODIS chlorophyll-a
Analysis of the 10-year composite monthly mean Chl-a images showed that there was a seasonal variability of Chl-a in Sabah waters. At the west coast, very obvious increase of surface Chl-a was found during February (NEM) compared to August (SWM) (Fig.1A and B) . The high Chl-a area (> 2 mg m -3 ) emerged from the northwest coast off Kudat and extended offshore towards the southwest direction. Meanwhile, another high Chl-a area appeared from the Baram River plume (south Brunei) and approached the coastal water off Labuan. At the northeast coast, a slight increase in surface Chl-a was observed along the entire coastline during NEM, with higher concentrations at the southern part compared to the northern region ( Fig. 1A) . At the southeast coast, high Chl-a area appeared near Lahad Datu and extended to Semporna water during NEM (Fig. 1A) . However, a band of very high Chl-a (> 3 mg m -3 ) near Tawau was transported to a wider area offshore during SWM (Fig. 1B) . Hierarchical cluster analysis was carried out to explore the spatio-temporal variations of surface Chl-a in Sabah fishing grids. The summery of Chl-a dendogram was shown in Fig. 2 . From this results, the variation of Chl-a has been classified into six classes. Monthly average Chl-a for each class was illustrated in Fig. 3 . All classes showed higher Chl-a during the NEM (Nov-March). Class 1, 2 and 3 had some similarities and may considered as a group since their average Chl-a was less than 1.5 mg m -3 throughout the year, while other classes showed higher concentrations (1-7.1 mg m -3 ). The Chl-a classification result was produced on a map shown in Fig. 4 . Class 3 is generally located in the offshore water off the northwest coast extending from Kudat until Papar. This class showed the highest variations in Chl-a since it increased as much as five times during NEM (Fig. 3) . Class 1 bordered class 3 at the southern part of the west coast, and some grids were distributed near Kudat in the northern tip and around Lahad Datu, Kunak and Semporna at the southeast coast. Class 1 had higher concentrations (> 0.5 mg m -3 ) compared to class 3, except during NEM, due to its locations next to the coast. Class 2 generally located in the offshore water close to the EEZ and maintained low concentrations (< 0.5 mg m -3 ) as a characteristic of offshore water. Both class 1 and 2 depicted similar trend with the peak Chl-a in January, while the maximum Chl-a for class 3 was in March. Correlation analysis results showed high correlation between class 1 and 2 with R 2 equal to 0.96 (Table 1 ). Although class 3 may consider as a group with class 1 and 2, its correlation was only noted by 0.548 with class 1, and 0.510 with class 2.
Class 5 and 6 bordered each other and showed similar characteristics as they had very high Chl-a (> 2 mg m -3 ) all the year. Class 6 had the highest concentrations and located in Labuan bay, near Sandakan and off Tawau. The maximum Chl-a was in January in both classes. The correlation between class 5 and 6 was significant (R 2 = 0.963) ( Table 1) . Class 4 characterized nutrient-rich water (> 1 mg m -3 ) and located close to the coast off Kota Belud, Kudat, Semporna and Tawau. Besides, some grids of class 4 were along the northeast coast bordering class 1. The correlation between class 4 and others was significant correlation and the highest correlation was with class 1(R 2 =0.894) and class 2 (R 2 =0.896). 
B. Seasonal upwelling and phytoplankton development
Within the emergence of NEM, the northeasterly wind blows over the west coast of Sabah in the same direction of coastline extent. The strong NE wind causes offshore Ekman transport at the northwest coast and induces upwelling, transporting nutrient-rich water from deeper layers into the euphotic zone where phytoplankton development starts due to increasing light level. Upwelling events are indicated by low SST values and high Chl-a concentrations. In MODIS images during February 2008, upwelling event was easily observed where the high Chl-a front coincided in time and location with the low temperature boundaries (Fig. 5A and B) . The upwelling event explained the highest variations of Chl-a in Class 3.
The seasonal variations of WS, SSHA, SST and Chl-a at the upwelling area was demonstrated in Fig. 6 . Wind speed showed increasing trend since November reaching the peak (7.4 m sec -1 ) in January. However, a significant increase in Chl-a was noticed from January to March. The maximum Chla coincided in time with the lowest SST during NEM, while peak Chl-a occurred after the maximum WS. The seasonal variations of SSHA showed maximum heights during November or December, which indicated high amount of surface water transported from the Sulu Sea into the upwelling area within the emergence of NEM. Thus, the upwelling event showed some delay due to the intrusion of the Sulu Sea water which disturbed the development of phytoplankton during early NEM. The decreasing trend of SSHA was since January. That reflected less water transport from the Sulu Sea which helped the development of phytoplankton blooms during late NEM.
C. Coastal river discharge
Coastal discharge is an important topic in the application of remote sensing data in Sabah coastal water with the big extent of Sabah (North Borneo), numerous rivers and islands near the coastline and large mangrove regions. The discharged waters contain high concentration of organic and inorganic materials. In the northeast coast, diffuse impacts from numerous rivers and mangrove regions affect large areas during the rainy season (December to March), as shown in Fig. 7A . Discharge materials, driven by the rainy season, transported from the northern part alongshore causing high concentrations at the southern region. However, the discharge materials from the Kinabatangan River (the largest river basin in Sabah) significantly contributed to the increment of Chl-a at the southern part. At the southwest coast, the large Baram River plume is a phenomenon that might contribute to the nutrient supply and phytoplankton bloom in Labuan coastal water. The river bloom was easily observed using both Chl-a and Rrs 555 images. Very high Chl-a was found to be associated with high Rrs 555 values near Baram River mouth ( Fig. 8A and B) . The high Chl-a and Rrs 555 area was extended in the northeast direction, suggesting a reversing direction of Baram River plume towards Sabah during NEM. Within the continuous supply of nutrient from the upwelling area, phytoplankton blooms maintained in the offshore water off Labuan during NEM.
Discharged material driven by Padas River (the second largest river basin in Sabah) is another source of nutrient supply which may contribut to the high Chl-a in Labuan bay water. The effect of Padas River discharge was shown by high concentrations of Chl-a (> 5 mg m -3 ) and high Rrs 555 values in Labuan bay during rainy season (May-August) (Fig. 8 C  and D) . However, very high Rrs 555 indicated that the high Chl-a value near Padas river mouth could be over-estimated. Coastal discharged at Sabah southeast coast was noted by very high Chl-a band near Tawau compared to the offshore water (Fig 9A) . Discharged materials, driven by SWM, was transported to a wider area offshore during rainy season (SWM) compared to dry season (NEM) (Fig. 9A and B) . High concentrations of Chl-a of more than 3 mg m -3 near Kinabatangan and Padas River mouths and in Tawau water increase the water turbidity, and this in turn may influence the marine ecosystems in these regions. 
D. Surface water transport
Water characteristics at the southeast coast of Sabah varied spatially and temporally due to the influence of surface water transport from the Sulu and Sulawesi seas. The present investigation focused on the occurrence and duration of surface water transport from the Sulu Sea to Semporna water which caused distinct phytoplankton blooms seasons. The presence of Sulu Sea water in the southeast coast, which is influenced by the discharged water, caused specific environmental conditions. This incoming water can be distinguished using differences in spectral reflectance of MODIS Rrs 555 image.
During December 2004, Sulu Sea water was characterized by very high Rrs 555 reflectance due to higher scattering by suspended material at Kinabatangan River mouth (Fig. 10C) . Surface water from the Sulu Sea was transported southwardly towards Semporna coastal water. Sulu Sea water transport was caused by differences in SSHA between the Sulu and Sulawesi seas (Fig. 10D ). However, a circular pattern of high Chl-a area coincided with low SST boundaries at Semporna offshore water ( Fig. 10A and B) . This suggested occurrence of cyclonic eddy and vertical mixing that brought up nutrient-rich cold water from the bottom to the surface layer and helped development of phytoplankton.
The duration of phytoplankton bloom in Semporna inshore and offshore water was studied using monthly MODIS Aqua Chl-a variations. Figure 11 showed that both inshore and offshore water had peak Chl-a in December during early NEM, which was related to water transport from the Sulu Sea and occurrence of cyclonic eddy. Besides, another peak Chl-a at the inshore water was found during August owing to the effect of wind-driven coastal discharge from Tawau towards Semporna as it was previously discussed (Fig. 9) . However, a decreasing trend of surface Chl-a was observed in both inshore and offshore waters since January reaching the lowest concentrations in April due to the intrusion of surface water from central part in the Sulawesi Sea near Semporna within the development of NEM. A study of the surface water transport can help the fishery community since the surface currents may lead to a migration of pelagic fish. Further studies concerning the relationships between Semporna water and pelagic fish catches need to be investigated.
IV. CONCLUSION
The spatial and seasonal variations of surface Chl-a in Sabah coastal waters was investigated using MODIS Aqua imagery. The west coast depicted very obvious increase in Chl-a concentration during NEM. A slight increase was noticed at the northeast coast during NEM, particularly at the southern part. The southeast coast had tow peaks of Chl-a during SWM and early NEM. Hierarchical clustering analysis was carried out to explore the spatio-temporal variations of Chl-a in Sabah fishing grids. Results showed high variability of Chl-a in Sabah fishing grids which was related to their geographic locations and prevailed oceanographic events. The occurrence of upwelling, coastal river discharge and surface water transport was identified as the main oceanographic events which influence phytoplankton development in the study area. Coastal upwelling, driven by northeasterly winds, occurs at the northwest coast of Sabah during NEM. Surface water transport from the Sulu and Sulawesi Seas in to the southeast coast of Sabah demonstrates great impact on occurrence and duration of phytoplankton blooms in Semporna inshore and offshore water. This study attempted to identify the oceanographic events which affect the development of phytoplankton and may influence the marine ecosystem in Sabah water. Further investigation on the distribution and abundance pelagic fish catches in relation to oceanographic variations need to be developed. 
